Background: Anopheles beklemishevi is a member of the Maculipennis group of malaria mosquitoes that has the most northern distribution among other members of the group. Although a cytogenetic map for the larval salivary gland chromosomes of this species has been developed, a high-quality standard cytogenetic photomap that enables genomics and population genetics studies of this mosquito at the adult stage is still lacking. Methods: In this study, a cytogenetic map for the polytene chromosomes of An. beklemishevi from ovarian nurse cells was developed using high-resolution digital imaging from field collected mosquitoes. PCR-amplified DNA probes for fluorescence in situ hybridization (FISH) were designed based on the genome of An. atroparvus. The DNA probe obtained by microdissection procedures from the breakpoint region was labelled in a DOP-PCR reaction. Population analysis was performed on 371 specimens collected in 18 locations. Results: We report the development of a high-quality standard photomap for the polytene chromosomes from ovarian nurse cells of An. beklemishevi. To confirm the suitability of the map for physical mapping, several PCRamplified probes were mapped to the chromosomes of An. beklemishevi using FISH. In addition, we identified and mapped DNA probes to flanking regions of the breakpoints of two inversions on chromosome X of this species. Inversion polymorphism was determined in 13 geographically distant populations of An. beklemishevi. Four polymorphic inversions were detected. The positions of common chromosomal inversions were indicated on the map. Conclusions: The study constructed a standard photomap for ovarian nurse cell chromosomes of An. beklemishevi and tested its suitability for physical genome mapping and population studies. Cytogenetic analysis determined inversion polymorphism in natural populations of An. beklemishevi related to this species' adaptation.
Background
The malaria mosquito Anopheles beklemishevi Stegniy & Kabanova, 1976 [1] is a member of the Maculipennis group [2] . This group of mosquitoes has a wide distribution range in Eurasia and North America. Among members of the group, An. beklemisevi has the most northern distribution in Eurasia [3] . It occupies the territory from the East coast of the Baltic Sea to the basin of the Lena River and from the forest-tundra zone to the Altai and Sayan Mountain systems. The northern border of this species distribution in Russia lies to the North of the Arctic Circle. The geographical range of An. beklemishevi in the North substantially overlaps with the distribution of another Palearctic member of the Maculipennis group, An. messeae [4] , which has wider distribution in western and southern Eurasia. As the most widespread mosquito in Eurasia, An. messeae is considered a dominant malaria vector in Eurasia [5] . Although An. beklemishevi is recognized as a malaria vector in Russia and Europe [6] , it does not play an important role in malaria transmission because of its exophylic behavior and ecological preferences to high altitudes and swampy territories [3] . In fact, the ability of An. beklemishevi to transmit malaria has never been studied experimentally [7] .
To date, only one cytogenetic map based on polytene chromosomes from the salivary glands has been developed for An. beklemishevi [8] . Images of chromosomes stained with lacto-aceto-orsein were obtained using photo films. According to the map, the polytene chromosomal complement of An. beklemishevi consists of three chromosomes with five chromosomal arms, which is the same as in other Anopheles species [9] . The X chromosome contains one arm, and both autosomes contain two chromosomal arms. Chromosomes on the map were numbered in the order of increasing size as in the nomenclature developed before [10] . Thus, the biggest autosome is chromosome 3. Chromosomes were subdivided into 39 regions in accordance with other chromosomal maps developed for the species from the Maculipennis group [11] . Landmarks for the chromosomal arm recognition were described in detail [8] .
The cytogenetic map in the original study [8] has been successfully used to investigate inversion polymorphism in An. beklemishevi. Twelve polymorphic inversions have been identified in 1000 mosquito specimens from 15 populations distributed over the entire geographic range of the species. Five inversions were found on the longest chromosome arm 3R. Three inversions were detected on the 2R arm. Two inversions were observed on sex chromosome X, and only one inversion was detected in each of the 2L and 3L arms. Only two inversions, which are on the X chromosome, were highly polymorphic. Two individuals were homozygotes for one of the inversions on the X chromosome. In general, inversion polymorphism in An. beklemishevi remains understudied in comparison with An. messeae [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, because of the absence of a standard photomap for ovarian nurse cell chromosomes, the adult stage was excluded from the inversion polymorphism analysis.
In this study, we developed a high-quality standard cytogenetic photomap for ovarian nurse cell chromosomes of An. beklemishevi. We mapped four DNA probes amplified by polymerase chain reaction (PCR-amplified) on X, 2R, 3R, and 3L chromosome arms of An. beklemishevi. We also mapped the X chromosome inversion breakpoints using microdissected DNA probes. The original salivary gland map [8] and newly developed ovarian nurse cell map were used for the analysis of the inversion polymorphism at larval and adult stages, respectively. Thirteen distantly located populations of An. beklemishevi were analyzed and compared. Our study has demonstrated that a standard photomap of ovarian nurse cell chromosomes can be successfully utilized for physical genome mapping and for population genetic studies of the inversion polymorphism in An. beklemishevi.
Methods

Mosquito collection and ovary preservation
For the cytogenetic map development, An. beklemishevi mosquitoes were collected from a natural population in Chainsk (Tomsk region, Russia) in July and August of 2015 and in June of 2016 (Table 1) . Ovaries of half-gravid females were dissected and fixed in Carnoy's solution (3:1 ethanol: glacial acetic acid by volume). Ovaries were preserved in Carnoy's solution from 24 h up to 1 month at -20°C. For the inversion polymorphism analysis, mosquitoes were collected from 13 distant localities in Eurasia (Table 1) . We studied a total of 371 mosquitoes from 18 collections comprised of 110 adults and 261 larvae. Collections in two populations, Kolarovo and Teguldet in Western Siberia, were conducted repeatedly during 3 and 4 years, respectively. The latter specimens were fixed in Carnoy's solution and stored at 5°C.
Chromosome preparation and species identification
For one preparation of ovarian nurse cell chromosomes, approximately a third part of a single ovary from one pair was taken. It is important to avoid having an excess of tissue on the slide for obtaining high-quality chromosome spreads. Ovaries were held for 5 min in a drop of 50% propionic acid, macerated and squashed. The quality of preparations was examined under an AxioImager A1 microscope (Carl Zeiss, OPTEC LLC, Novosibirsk, Russia). High-quality preparations were frozen in liquid nitrogen, and coverslips were removed. Preparations were dehydrated in an ethanol series (50%, 70%, 90%, and 100%) and air dried. Identification of species was conducted based on chromosome banding pattern [8, 20] and heterochromatin morphology [21] . Chromosomal preparations from salivary glands of 4th instar larvae were performed as described earlier [22] . Salivary glands were stained in 2% lacto-acetic-orcein for 45 min and squashed in 45% acetic acid. Karyotyping of polytene chromosomes was conducted using a Nikon, Eclipse E200 microscope (Nikon, BioVitrum, Moscow, Russia).
Chromosome map development
Chromosome images were observed using an AxioImager A1 microscope (Carl Zeiss) with an attached CCD camera MRc5 in phase contrast using an AxioVision version 4.7.1 software (Carl Zeiss). For the chromosome map development, about 250 images of well-polytenized and well-spread chromosomes were obtained. Images were combined, straightened, shaped, and cropped using Adobe-Photoshop CS2 software. Chromosome nomenclature was generally adopted from the previously published chromosome map for salivary glands of An. beklemishevi [8, 20] .
Microdissection and DOP-PCR
Microdissection of region 2BC from the X chromosome of the ovarian nurse cells and subsequent DOP-PCR (Degenerate Oligonucleotide Primers PCR) were performed accordingly to the previously published protocol [23] . Microdissection by glass needles was performed from air-dried squashed preparations of ovarian nurse cell polytene chromosomes of An. beklemishevi. A micro-dissected DNA material was amplified with DOP primers to achieve the necessary amount of the regionspecific DNA-probe. The DNA-probe was labeled in an additional PCR reaction in the presence of a fluorescently labelled nucleotide. The boundaries of the microdissected regions were chosen to represent the expected breakpoints of the polymorphic inversion.
Gene-specific PCR
Gene-specific primers were designed to amplify four unique exon sequences using PRIMER-BLAST software available at NCBI [24] . Genes from different chromosome arms of An. beklemishevi were selected based on similarity with the An. atroparvus mapped genome [25] . The primer design was based on gene annotations from the AatrE1 genome assembly available at VectorBase [26] . PCR was performed in the presence of 1× PCR buffer (SibEnzyme Ltd., Novosibirsk, Russia), 2.5 mM MgCl2 (SibEnzyme Ltd., Novosibirsk, Russia), 0.2 mM dNTP (Thermo Fisher Scientific, Waltham, MA, USA), and 0.02 u/μl Taq Polymerase (SibEnzyme Ltd.).
DNA probe labelling and fluorescence in situ hybridization
The DNA probe obtained by microdissection procedures was labelled in a DOP-PCR reaction in the presence of TAMRA-5-dUTP as described earlier [23] . Fragments obtained by gene-specific PCR were labelled using a Random Primer Labelling protocol: 25 μl of labelling reaction contained 50 ng DNA, 1× Klenow buffer (Thermo Fisher Scientific), 44 ng/μl Exo-Resistant Random Primer (Thermo Fisher Scientific) 0.1 mM dATP, dGTP, dCTP, and 0.015 mM dTTP, 0.016 mM TAMRA-5-dUTP, or Biotin-11-dUTP (Biosan, Novosibirsk, Russia), and 5 U of Klenow fragment (Thermo Fisher Scientific TM) in a PCR tube. The required amounts of DNA, Klenow buffer, and Random Primers were mixed, brought up to 12 μl with water, and heated at 95°C for 5 min in a thermocycler. The solution was chilled on ice, and appropriate amounts of nucleotides, Klenow fragment, and water were added to reach 25 μl. The reaction mix was incubated at 37°C for 18 h. Fluorescence in situ hybridization (FISH) was performed using a previously described standard protocol [25, 27] .
Statistical analysis
Frequencies of inversions were calculated as the fraction of all chromosomes in a population that carry the inversion. Chi-square test was used to examine whether inversion genotype frequencies were in Hardy-Weinberg equilibrium using an interactive calculation tool [28] . A Table S1 ).
Results
A cytogenetic map for An. beklemishevi
We developed a high-resolution map for polytene chromosomes from ovarian nurse cells of An. beklemishevi. As shown before [8] , the chromosome number in this species equals 3 as in other species of the genus Anopheles [10] . The polytene chromosome complement consists of 5 chromosome arms: 4 autosomal arms and one X chromosome arm (Fig. 1) . Autosomal arms usually are separated from each other on a preparation because of fragile connections between the pericentromeric regions. The X chromosome is the shortest, and the 3R arm is the longest. The arm proportions (Table 2 ) are similar to those of chromosomes in salivary gland cells of other species of the Maculipennis group [25] . Interestingly, the banding patterns of ovarian nurse cell polytene chromosomes in An. beklemishevi are better quality than the banding patterns in other species in the Maculipennis group. The chromosomes have sharp band-interband borders and distinguishable thin bands. This feature differentiates An. beklemishevi from other Palearctic members of the Maculipennis group, such as An. atroparvus [25] . The chromosome map of An. beklemishevi is divided into 39 numbered divisions and 122 lettered subdivisions (Fig. 2) . Although division borders and nomenclature were adopted from the previously developed salivary gland chromosome map of An. beklemishevi [8] , we reversed the order of lettered subdivisions in arms 2L and 3L to follow the order of numbered divisions.
Chromosomes in An. beklemishevi have welldistinguishable landmarks that simplify their identification. The sex chromosome X, the shortest chromosome, has a round pericentric heterochromatin band, usually followed by a neighboring thin band. In the middle of the chromosome, in region 2BC, there is a set of bands surrounded by light diffuse regions. The telomere region has a set of multiple thin bands.
Chromosome 2 is intermediate in length. The 2R arm has an asynaptic pericentromeric region without any remarkable bands. The telomere end is slightly flared and contains dark bands in region 6A-C. Two sets of dark bands in the middle of the arm in regions 9A and 9B are remarkable landmarks for the 2R arm. The 2L arm is similar to the 2R arm in length but could be distinguished from the 2R arm by the pericentromeric end, which is slightly asynaptic. The area of asynapsis in 2L is shorter than that in 2R and is restricted by a dark band in region 15A. The telomere end of the 2L arm has almost no bands in regions 20D-21A and looks significantly lighter compared with the dark-banded telomere of 2R arm.
Chromosome 3 is the longest in the chromosomal complement. The 3R arm has no asynapsis in the pericentric region, which is usually terminated by a short dark band with flare fibers in region 32C. The telomeric end of 3R is notably flared and marked by a wide light interband surrounded by two thin, dark bands in region 22B. Three bands in regions 28A, 28C, and in 29A can serve as additional landmarks for 3R. The 3L arm is the shortest autosomal arm. A long asynaptic region is located at the centromeric end of 3L. The telomeric end has no clear bands in region 39ED. The main landmark for 3L is a so-called "bird eye" landmark in region 36C. It is a dark, dot-shaped band, similar to a pupil, surrounded by a dark, long band, similar to an eyebrow.
Physical mapping of orthologous genes to An. beklemishevi polytene chromosomes
To test the utility of the An. beklemishevi highresolution chromosome map for physical gene mapping, we hybridized four orthologous genes of An. atroparvus to X, 2R, 3R, and 3L arms. Four PCR probes were designed to amplify the unique sequences from gene exons ( Table 3 ). All probes produced clear and unique signals ( Fig. 3) and were successfully mapped to the chromosome map based on the banding patterns (Fig. 2) . To identify the exact cytogenetic positions of the proximal breakpoint of the X1 inversion, we mapped two DNA probes chosen from 24 genes mapped to An. atroparvus chromosomes [9] . The selected probes were expected to flank the proximal breakpoint of X1 inversion based on similarity of the banding pattern between the two species. Random primer-labelled DNA probes of genes AATE017741 and AATE010870 were hybridized to An. beklemishevi heterozygous chromosomes X01 that formed heterozygous loops (Fig. 4a) . DNA probe AATE010870 was found in region 3C band 2 in both homologues, whereas juxtaposed gene AATE017741 was located in region 3B band 3 of one homologous chromosome and was found in region 1D of another homologue (Fig. 4b) indicating that the proximal breakpoint of this inversion is located between these two DNA probes.
To map the distal and proximal breakpoints of inversion X2, we micro-dissected the whole 2BC region of the X chromosome with the standard X00 arrangement. According to our cytogenetic analysis, this region crosses the distal breakpoint of X2 inversion. On heterozygous chromosome X02 (Fig. 4c) , FISH of a microdissected DNA probe showed three signals (Fig. 4d) . The longest signal marked entire region 2BC on the standard homologue. Another homologue had 2BC divided by the inversion into two fragments revealed by the probe as two signals. One of them was in region 2BC as standard, whereas the other was transposed to the pericentromeric Table 3 The list of primer sequences for An. atroparvus genes used as PCR-based DNA markers to hybridize with chromosomes of An. beklemishevi 
Inversions in natural populations of An. beklemishevi
We analyzed inversion polymorphism in 18 collections from 13 Eurasian populations of An. beklemishevi. For two populations in Western Siberia, Kolarovo and Teguldet, collections were taken repeatedly during 3 and 4 years, respectively. For the inversion polymorphism analysis, we used both the original cytogenetic map for polytene chromosomes from salivary glands of larvae [8] and our newly developed map for the adult stage of mosquitoes. A total of 371 mosquitoes were analyzed at larva and adult stages. For the first time, 110 adult females were included in the inversion polymorphism analysis. Our data confirmed previous observations that An. beklemishevi is a polymorphic species [8] . Data on the inversion polymorphism are summarized in Table 1 .
In total, 4 of 12 well-known polymorphic inversions were found in 13 locations: X1, X2, 3R1 and 3R3. Inversion X1 was recorded in two distant locations of Karelia (Belomorsk) and Western Siberia (Chainsk). Inversion X2 is widespread from the White Sea to Siberia. Inversions 3R1 and 3R3 were detected only in a single population in Belomorsk. All inversions, without exception, were found as heterozygotes only. Based on statistical analysis (Additional file 1: Table S1 ), none of the inversions displayed a significant (P < 0.05) departure from the Hardy-Weinberg equilibrium, suggesting that the absence of inverted arrangements of the chromosomal inversions is a result of the low frequency of inversions in the populations. However, a lethal effect of the inversion in a homozygote is possible and requires further experimental investigations.
Discussion
We developed a high-resolution standard cytogenetic photomap for An. beklemishevi, which is one of the most northern species of the Maculipennis group and genus Anopheles. This map was developed using high-quality digital images similar to cytogenetic photomaps of other mosquito species [25, [29] [30] [31] [32] [33] [34] . The goal of this work was to create a cytogenetic map that would be applicable for genome mapping and population genetics. In our study, the An. beklemisevi map was validated by mapping FISH signals of 4 PCR-amplified probes on X, 2R, 3R, and 3L chromosome arms. In addition, we mapped breakpoints on the X chromosome of An. beklemishevi using microdissected DNA probes. We demonstrated that the new cytogenetic map can serve as an effective tool for physical genome mapping of An. beklemishevi. Our study also confirmed the utility of the newly developed chromosome map for population genetic studies using adult females because this map was developed based on ovarian nurse chromosomes from the female mosquito. All population genetic studies conducted in the past included only the larval stage of mosquitoes because the map previously developed for An. beklemishevi was for the salivary gland chromosomes of fourth-instar larvae [8] . To our knowledge, inversion polymorphism in the adult stage of An. beklemishevi was studied for the first time here.
The analysis of inversion polymorphism in natural populations of An. beklemishevi demonstrated that chromosomal variations in this species are related to the geographical distribution of An. beklemishevi. This species inhabits the northern areas in the taiga zone. According to our data, the southern boundary of the species range is fragmented and located in the subzone of the southern taiga (the belt of mixed and broadleaved forests). The northern boundary passes along the border of the taiga zone and forest tundra, near the 65th parallel in Europe and the 67th parallel in Asia [3, 35] . A high level of inversion polymorphism was noted in the subzone of the northern taiga: Belomorsk (Table 3) , Syktyvkar and Berezovo [8] . Many inversions have also been identified in the adjacent area of the middle taiga: Petrozavodsk and Novaya Burka in the Tomsk region [8] . We propose that the central part of the taiga, which was formed since the end of the Neogene, provides optimal conditions for An. beklemishevi [36] . It should be expected that inversions of autosomes 2 and 3 will occur mainly in northern populations, where the species range does not overlap with the sibling species An. messeae. With the rising of global temperature, the An. messeae may displace An. beklemishevi in the subzone of the southern taiga. For example, a process of elimination of An. beklemishevi from the population has been demonstrated in Tomsk (South of Western Siberia). The proportion of this species in July samples has been reduced significantly from 0.109 in 1989 to 0.030 in 1998 [37] . The same process has been observed in two other locations in Western Siberia: Kolarovo and Cherga [3] . Reduction in the number of mosquitoes can lead to loss of chromosomal polymorphism in southern populations of An. beklemishevi. The effect of global warming has been shown for the population of another Palearctic member from the Maculipennis group, An. maculipennis [38] .
In contrast to the autosomal rearrangements, inversions of chromosome X have a particular importance in the establishment of chromosomal polymorphism, especially the X2 inversion that is common throughout the species range (Table 3 ). Here we found no difference from the Hardy-Weinberg equilibrium for both autosomal and X chromosomal inversions. Nevertheless, overdominance of X2 was described in larvae from Shchuchye Lake which neighbors Teletskoe Lake (Gorniy Altay, Russia) [35] . Obviously, overdominance is the main way to maintain the X2 polymorphism; no homozygous X2 was detected, but heterozygotes dominated this population. Unlike X2, two homozygotes of X1 were identified in Syktyvkar [8] . The presence of common inversions may reflect the unity of the species population system throughout the range of An. beklemishevi.
Conclusions
In this study, we developed a high-quality cytogenetic map for An. beklemishevi, a member of the Maculipennis group of malaria mosquitoes. Our study has demonstrated that a chromosomal photomap for An. beklemishevi can be utilized for physical genome mapping. We mapped to the chromosomes four random genes and the boundaries of two chromosomal inversions in chromosome X and indicated the positions of 12 other polymorphic inversions on the map. Polymorphic inversions were found in all parts of the species range. The highest level of chromosomal variations was noted North of the taiga zone. The analysis of the inversion polymorphism in natural populations of An. beklemishevi provides important insight into adaptive genetic variations of this species.
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